A low-permittivity dielectric ceramic Li 2 GeO 3 was prepared by the solid-state reaction route. Single phase Li 2 GeO 3 crystallized in an orthorhombic structure. Dense ceramics with high relative density and homogeneous microstructure were obtained as sintered at 1000-1100 o C. The optimum microwave dielectric properties were achieved in the sample sintered at 1080 o C with a high relative density ~ 96%, a relative permittivity ε r ~ 6.36, a quality factor Q×f ~ 29,000 GHz (at 14.5 GHz), and a temperature coefficient of resonance  Corresponding Author, lichunchun2003@126.com; fanglianggl001@aliyun.com ┼ These authors contributed equally to this work.
Introduction
Microwave dielectric ceramics have been extensively used as key materials in dielectric resonators, filters, antennas, strip lines, and phase shifters for reasons of low cost, stability, efficiency, and ease of use 1, 2 . Recently, in order to meet the increasing demands for miniaturization and integration, low-temperature co-fired ceramics (LTCC) technology has become crucial due to its ability to integrate a versatile mix of passive microwave components to fabricate highly integrated multi-chip modules [3] [4] [5] [6] . These ceramics must fulfill the requirement of lower sintering temperatures than the melting point of the inner metal electrode such as Ag (961 o C), along with the appropriate relative permittivities (ε r ), high quality factors (Q×f), and temperature stability 7, 8 . In addition, chemical compatibility of the ceramics with inner metal electrode should also be satisfied. LTCC technology has paved a way for the explosive progress of low-firing microwave dielectric ceramics.
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Extensive literature reviewing reveals that the presence of low-melting-point constituents, such as Bi 2 O 3 , V 2 O 5 , GeO 2 , Li 2 CO 3 etc, is a common feature of the previously reported low-firing ceramics [9] [10] [11] [12] [13] . Herein, we are inspired to prepare Li 2 GeO 3 consisting of Li 2 O and GeO 2 with molar ratio 1:1 with an attempt to develop novel low-firing microwave dielectric ceramics. In the present work, Li 2 GeO 3 ceramic was prepared using the solid-state reaction route and the sintering behavior, microstructure and microwave dielectric properties were characterized.
Experimental part
The Li 2 GeO 3 samples were synthesized by a solid-state reaction method. The initial reagents Li 2 CO 3 (99.99%) and GeO 2 (99.999%) weighed with an accuracy of 0.003 g were mixed through ball milling using ZrO 2 balls with ethanol for 6 h. The dried powder was pressed and fired in air at 900 o C for 4 h with 5 o C/min, and re-milled for 4 h. The dried powder was added 10 mol.% PVA as a binder and pressed into 10 mm diameter and 5 mm height disks under a pressure of 200 MPa. The green compacts were firstly fired at 550 °C in air for 2 h to expel the organic binder and then sintered at 1000-1100 o C for 4 h.
Powder XRD data for the Li 2 GeO 3 specimens were analyzed by X-ray diffractometer (X'Pert PRO, PANalytical, Almelo, Holland) using Cu Kα radiation. Cell parameters a, b
and c, and cell volume V were refined using the FULLFROF software. The surface microstructures of the pellets were observed by scanning electron microscopy (SEM, JSM6380-LV, Tokyo, Japan). The densities of the sintered ceramics were measured using the Archimedes' method. The ε r and Q×f values were measured in the TE 011 mode according to the Hakki-Coleman method using an Agilent N5230A network analyzer (Palo Alto, CA). The
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temperature coefficient of resonate frequency  f value was measured from 25 o C to 85 o C using a temperature chamber (Delta 9039, CA) and was calculated as follows:
where, 
Results and discussion
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This article is protected by copyright. All rights reserved. However, it should be noted that Li 2 GeO 3 has a narrow densification sintering temperature intervals. A slight increase in sintering temperature to 1100 o C decreased the relative density.
This can be explained by the abnormal grain growth observed in the 1100 o C sintered sample.
Combined with the SEM analysis, sintering at 1080 o C was determined to be the optimum sintering condition.
As shown in Fig.3 (b), the variation in relative permittivity (ε r ) is consistent with the density. The higher density corresponds to higher dielectric constant. A maximum value of ε r = 6.36 was obtained at 1080 o C. It is well known that the microwave relative permittivity can
be affected not only by the intrinsic factors (crystal symmetry, dielectric polarizability, etc) but also by the extrinsic factors, such as secondary phase, density, porosity, grain size, etc [15] [16] [17] . In the present work, the dependence of ε r on density demonstrates that porosity plays a dominant role in affecting the relative permittivity. In order to eliminate the influence of porosity, the relative permittivity was porosity corrected by using the Bosman and Having's equation:  corr =  r (1 + 1.5p) with p the fractional porosity. For the sample sintered at 1080 o C, the  corr value was 6.74. According to the Clausius-Mossotti relationship and Shannon's additive law, the theoretical dielectric constant can be estimated 18, 19 . The theoretical permittivity of Li 2 GeO 3 was calculated to be 6.81. The relative error between the porosity corrected and theoretical permittivity is 1.1%. The small deviation indicates that ionic polarization plays a prominent role in the dielectric polarizability at microwave frequency region. 
Nevertheless, the sintering temperature is still too high for application in LTCC technology to cofire the low-cost silver electrodes. Thus, in order to lower the sintering temperature, a small amount of B 2 O 3 was added to Li 2 GeO 3 . As shown in Fig.4 
The back scattered SEM (BSEM) image on the Li 2 GeO 3 + 2 wt.% B 2 O 3 demonstrates that B 2 O 3 doping promoted the grain growth, as shown in the inset of Fig.4 
In the viewpoint of technological applications, the temperature dependence of the Li 2 GeO 3 ceramics is extremely low with a largely negative  f value and must be suppressed. . As clearly detected, some XRD peaks overlapped, and thus Raman spectra analysis was employed to further confirm the phase constituent due to its sensibility to structural change compared to the XRD analysis. Fig.6 shows the Raman spectra for the 
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This article is protected by copyright. All rights reserved. 30 . The slight deviation might be related to the solid solution between Ti and Ge which should lead to the change in the bond distance and structural distortion. The quality factor also exhibited a strong dependence on the composition, which decreased with increasing y value to a minimum value of 11,750 GHz at y = 0.4 but increased thereafter to 33,790 GHz at y = 0.8. It should be noted that even though the quality factor of the y = 0.8 composite is much higher than the end member Li 2 GeO 3 but inferior to the other end member Li 2 TiO 3 with a Q×f = 63,500 GHz. It is well accepted that the quality factor of the dielectric ceramics strongly depends on the densification, porosity, grain size, phase evolution, etc 31, 32 . In the present case, the internal mismatch or strain because of the coexistence of two phases with different structures dominates the variation in the quality factor. Additionally, the grain boundaries due to the heterostructure would increase the dielectric losses as 2D defects. In summary, a composite with y = 0.8 exhibited a good combination of microwave dielectric properties with ε r ~ 18.67, Q×f ~ 33,790 GHz, and  f ~ +2.1 ppm/ o C.
Conclusions
Li 2 GeO 3 ceramics were prepared by the solid-state reaction method and the crystal structure, microstructure, and microwave dielectric properties were characterized.
Single-phase ceramics with orthorhombic structure and homogeneous microstructure were obtained when sintered at 1080 o C. Good microwave dielectric properties with ε r ~ 6.36, a
Q×f ~ 29,000 GHz (at 14.5 GHz), and  f ~ -72 ppm/ o C were achieved in the Li 2 GeO 3 ceramic
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